Hodel synthesis---------------------------------------------------11 Data processing-----------~----------------------------------

11
Peak-discharge simulations-----------------------------------13 Defining synthetic flood frequencies------------------------------13 Summary and conclusions-------------------------------------------14 Selected references----------------------------------------------
.
Model parameters and their applications in the modeling process------------------------------------
INTRODUCTION
The demand for flood-frequency information on small drainage areas has greatly increased in recent years because of the design needs for expanding and improving highway systems and because of the growing necessity for the regulation of flood-prone lands. Long-term records of floodpeak discharges for large drainage basins in Texas are readily available, but such information is notably lacking for small drainage basins. In this study, a rainfall-runoff model developed by the U.S. Geological Survey was used in conjunction with long-term rainfall and evaporation data to improve flood-frequency estimates for 40 small natural drainage basins in Texas. These flood-frequency characteristics were included with those obtained from long-term records in the analyses presented in a report by Schroeder and Massey (1977) to define flood-frequency relations for Texas streams.
The purpose of this report· is to document the methods used in defining the flood-frequency characteristics for 40 small natural drainage basins in Texas. A brief description of the rainfall-runoff model is given, together with a discussion of the methods used in data selection and processing, model calibrations, and model simulations of annual peakdischarge records.
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Metric Conversions
The English units used in this report may be converted to metric units by the following factors: -2-
RELATED STUDIES IN TEXAS
In a study to determine the effects of urbanization on flood characteristics of streams in the Dallas, Texas, metropolitan area, Dempster (1974) used a version of the U.S. Geological Survey rainfall-runoff model to synthesize 57 years of annual peak discharges for 14 drainage basins . that ranged in area from 1.84 to 29.4 square miles. Johnson and Sayre (1973) developed a relationship between rainfall and discharge for each of 26 small drainage basins that ranged in area from 0.5 to 88.4 square miles in the Houston,. Texas, metropolitan area. These relationships were used with a 60-year~rainfall record for the National Weather Service station in Houston to synthesize a 60-year record of annual peaks for each site. These data were then used to develop floodfrequency. relations in a study to determine the effects of urbanization on floods in the Houston, Texas·, metropolitan area. ·
MODEL DESCRIPTION
The rainfall-runoff model used in this study was developed by Dawdy, Lichty, and Bergmann (1972) specifically for the purpose of modeling flood hydrographs for small watersheds. The model was conceived as an alternative to the collection of long-term records to obtain reliable flood-frequency estimates for small drainage. basins. The records synthesized by the model are based on bulk-parameter approximations of the physical laws governing the antecedent soil-moisture, infiltration, and surface-runoff components of the hydrologic cycle. The only input required for an acceptable level of accuracy is rainfall, discharge, and evaporation data.
The antecedent soil-moisture accounting component accepts daily-r.ainfall and daily-evaporation values as input and maintains a continuous assessment of soil-moisture conditions. The changes in moisture storage are determined on a daily basis during nonstorm periods and on a unit-time basis during storm periods. The moisture-storage component is an important facet of the model because the rate of infiltration at the beginning of a storm is highly dependent upon antecedent soil-moisture conditions. The infiltration component is considered to be the critical part of the model. This component accepts the output from the soil-moisture accounting component along with unit-rainfall d~ta and determines the rainfall excess after abstractions for infiltration. It is based on an equation described by Phillip (1954) in which infiltration rates are computed as a function of soil moisture and rainfall intensity.
The surface-runoff component is based on a modification of the Clark (1945) form of the unit hydrograph. The rainfall excess, as determined in the infiltration component, is converted into a translation hydrograph for the basin. Attenuation of the translation hydrograph is achieved by routing through linear storage by use of a storage constant.
-3-The 10 model parameters are listed in table 1, which also describes their application in the modeling process. Seven of these parameters are used in computing rainfall excess and the other three are used in routing.
Calibration of the model to a specific site involves trial and error adjustments of the parameter values to improve the comparison between observed input and simulated output. The comparison is made by testing for the minimum value of an objective function. The user must specify the initial magnitudes and the upper and lower limits for all parameters.
The calibration is carried out in .three separate phases, each optimizing on a different objective function. Pnase one involves the soilmoisture and infiltration components of the model. The objective function· for this phase is the sum of the squared deviations bet\veen observed and simulated.-runoff volumes. Parameters pertaining to the first two components of the model are optimized in phase one to lower the objective function, which achieves a better correlation between observed and computed runoff volumes.
In phase two of the calibration, the surface-runoff parameters are optimized, and volume adjusted peak flows are used in the objective function. The third phase of the calibration procedure optimizes the soilmoisture and infiltration parameters by using peak flows in the objective function. Model calibration is achieved when the final parameter values are determined in phase three. A long-term record of rainfall and evaporation may then be used with the calibrated model to synthesize a flood record;
Both the calibration and simulation processes of the model require storm rainfall data from a single rain gage. Uniform distribution of rainfall over the basin is assumed. The model also assumes that the longterm rainfall and evaporation records used are applicable to the drainage basin.
DATA COLLECTION AND PROCESSING
Daily values of concurrent rainfall and evaporation data are required for the entire period used in calibrating the rainfall-runoff model to a specific site. Storm rainfall and discharge data, defined at unit time intervals (usually 5, 15, or 30 minutes), are required for each storm used in the calibration.
Rainfall and Runoff
A careful screening of the data available on small natural drainage areas in Texas yielded 40 sites (table 2) with sufficient data for calibration. The basins, which range in size from 0.36 to 48.6 square miles are located mostly in the central and eastern parts of the State ( fig. 1 08207700 Lucas Creek near Pleasanton, Tex.
-8-These basins, which have an average record length of 12.7 years, compose 40 percent of the basins with drainage areas less than SO square miles that were analyzed in a related report (Schroeder and Massey, 1977) to define the flood-frequency characteristics of Texas streams.
Stage and rainfall records at 13 of these sites were recorded by SR (stage-rainfall) recorders on a circular graphic chart. Conversion of the storm data from these charts to a computer readable form was time consuming and expensive. In addition, daily rainfall amounts could not be taken from these charts with any degree of accuracy. Daily rainfall to use in model calibrations for these sites was taken from the nearest National Weather Service gage (usually less than 10 mfles away).
At the remaining 27 sites, stage records were recorded on strip charts and(or) ADR (automatic-digital recorder) punched tapes. Daily rainfall for each of these sites was taken from a recording rain gage located in each basin. Where more than one rain gage was located in a basin, the one considered to be most representative of the basin was selected to fulfill the model requirement of a single.rain-gage input.
In the selection of storms to be used in calibrating the model to each site, several criteria were involved. A basic assumption of the model is that the rainfall recorded at a single gage is representative of that occurring throughout the basin. Storms producing the highest peak discharges in small drainage basins in Texas are typically thunderstorms of high intensity and short duration. These storms are often very localized. For each storm used with the model, rainfall distribution over the bas·in was checked for uniformity. Where sufficient data were available, storms were selected to sample a range of storm types, antecedent conditions, .and peak-discharge magnitudes.
Because the model calibrates to direct runoff only, a separation of base flow from direct storm runoff is required for all events. For the basins used in this study, base flows composed only a small part of the total flow and hydrograph separation was fairly simple. Storms that produced peak discharges that were very low in relation to base flow were not used in the study.
Evaporation
The network of pan-evaporation stations in Texas is quite sparse, and the records are notably incomplete. The Texas Water Rights Commission has determined, by a "Climatic Index ~-1ethod" (HcDaniels, 1960) , monthly lake-evaporation values for each 1-d~gree quadrangle in the State for 1903-74. This climatic-index evaporation value is a number expressing a relationship of air temperature, wind movement, dewpoint temperature, and solar radiation. The method is believed to yield the most consistent and reliable estimates of lake evaporation available for Texas.
-9-Evaporation records for 12 of the quadrangles were selected for use in this study. The monthly values for each of the records were converted to daily amounts and used in both the calibration and simulation processes.
These daily evaporation records, along with the concurrent records of daily rainfall, storm rainfall, and discharge data were stored on a computer accessible magnetic disk to facilitate retrieval of the large quantities of data involved.
MODEL CALIBRATIONS
Initial parameter values for the antecedent-moisture and infiltration components. were estimated for each basin on the basis of geology, soil types, forest cover, and land use. Upper and lower limits were placed on the values. to control the range· in which they could vary during calibration.
The hydrographs of observed discharge from each basin were used to obtain estimates of the routing parameters. KSW (Carrigan, 1973, equation 15) was given an initial value equal to the average time in hours from the time of peak discharge to the time on the recession limb when the discharge had dropped 63 percent below that of the peak. In general, the hydrographs of the larger storms showed more consistent recession rates, and the routing parameters were weighted toward these storms. The resulting values tend to sacrifice simulation accuracy of the small storms in order to better estimate the larger ones.
With basin lag defined as the time in hours from centroid of rainfall to centroid of runoff (Chow, 1964 ) the relation BASIN LAG = KSW + ~ TC was used to solve for an estimate of TC from observed data. The value TP was estimated as the time in minutes from start of storm runoff to peak.
Because initial values for the routing parameters were estimated from observed data, these values were severely constrained during optimization to prevent excessive distortion. Although TP/TC was optimized for the first few sites calibrated, it was found to be somewhat insensitive and was held at 0.50 for later calibrations.
In the first calibration run for each basin, all storm data were used to obtain phase one and phase two computations along with computer plots of observed and simulated discharge hydrographs. The first-run results were used as an aid in a screening process to locate and remove storm data unsuitable for further computations .. This screening process was essential to insure that the final parameter values were based on accurate data. Storm rainfall was compared with runoff for each event, and the discharge hydrographs were scanned for shape characteristics not explained by rainfall. Storms having large data errors, as well as those for which the -10-observed rainfall was obviously not representative of basin rainfall, were not used in subsequent calibrations. The hydrograph plots from the initial calibrations were used as aids in estimating base flows and in adjusting the starting and ending times for storms. The optimization of parameter values was then repeated on the reduced set of storms.
Interaction was particularly noticeable in the phase one optimization of the soil-moisture and infiltration parameters. Large variations in some parameter values occurred between basins having similar physical characteristics. It was apparent at times that some parameters were deviating from their true values to minimize the differences between observed and simulated volumes as specified in the objective function. This parameter interaction prevented attaining positive results in relating the derived parameter values to measurable physical characteristics in the basins modeled. Therefore, regionalization of model-parameter values -could not · be accomplished with confidence·.
A final set of parameter values was determined for each site modeled by a phase three computation. The average error of simulated peak discharges was 31 percent. No bias was evident from the final hydrograph plots of observed and simulated discharges. The final parameter values for the 40 basins modeled are given in table 3.
~10DEL SYNTHESIS Data Processing
Model synthesis requires long-term records of daily rainfall for nonstorm periods and unit rainfall for storm periods. These data were obtained from the National Weather Service for eight triple-register stations in Texas. In addition, rainfall data for the National Weather Service station at Shreveport, Louisiana, were available. Rainfall stations and the periods for which data were used are as follows: The daily rainfall records for the stations listed are complete for the periods shown. The unit or storm-rainfall records contain the twoto-five largest storms to occur each year. The criteria for selecting the storms used in the model simulations were based on an analysis of the daily rainfall records. All events that could have produced the annual maximum discharge at the gaged sites were selected. Rainfall for· these storms was tabulated in 5-minute increments. The evaporation records used in the simulations were the same as those used in the calibrations.
Peak-Discharge Simulations
Final parameter values for each site, together with drainage-area and evaporation data, were used with the appropriate long-term rainfall records to generate a series of annual peak discharges for each of the calibrated sites (table 4).
In selecting the long-term rain gage to use with each site, t\<JO choices were available. One choice was to use the three or four nearest rain gages to generate several sets of annual peak discharges for each site. Each set of annual peaks could then be used to compute a log-Pearson frequency curve, with some method of weighting used to determine an average or composite frequency curve for each site.
The second choice was to select a single long-term rain gage to use with each site and to synthesize a single set of annual peaks and compute a single flood-frequency curve for each site. The second choice was generally used. For each site the long-term rain gage considered to be most representative of the basin rainfall was chosen. At two sites, however, no single rain gage was considered to be representative of rainfall in the basin, and two rain gages were used to generate two series of annual peaks for each site.
DEFINING SYNTHETIC FLOOD FREQUENCIES
The flood-frequency curve for each of the modeled sites was defined by mathematically fitting a log-Pearson type III distribution to the logarithms of each series of synthesized annual peak discharges, following the guidelines recommended by the U.S. Water Resources Council (1976). For those sites in which two flood-frequency curves were computed, an average of the two was used.
For comparison, a log-Pearson frequency curve was computed from the observed flood-peak record for each of the modeled sites. Frequency curves of the synthesized records invariably exhibited less variance (flatter slopes) than did those of the observed records. Part of this trend is undoubtedly due to the long-term rainfall data used in the peak-discharge simulations. An examination of short-term rainfall records from both the -13-Geological Survey and National Weather Service gages in Texas show many storms having more rainfall and greater intensities than have been recorded at any of the long-term stations used in this study. These long-term rainfall stations have recorded so few extreme storms that it might be questioned if this phenomenon can be attributed to the time-sampling error inherent in hydrologic data.
Another cause for the difference in variance between the simulated and observed peak discharges is the smoothing effect of the model in the calibration process. In a ·study of this phenomenon, Kirby (1975) found that a substantial loss of variance is an unavoidable consequence of the modeling process. Kirby's findings are based on the idea that a watershed and a deterministic rainfall-runoff model have essentially the same structure. They differ only in that the watershed is subject to.many secondary inputs that are not represented in the model. It is these secondary inputs that are responsible for the discrepancies between observed and modeled peaks. They represent a part of the variance in the observed data.that cannot be reproduced by the model.
The variance of the model output, then, is neces-sarily smaller than that of the variable being modeled. Kirby (oral comrnun., 1975) proposed a method for adjusting the synthetic-frequency curves to account for this loss of variance. This adjustment is applied to the standard deviation of the log-Pearson distribution of simulated annual peak discharges as follows: xi = ~ y where xi = standard deviation adjusted for loss of variance, X = unadjusted standard deviation, and Y = correlation coefficient of observed and simulated peak discharge from the final (phase three) calibration. This adjustment is included in an experimental version of the Geological Survey's log-Pearson program. The adjustment was applied to the synthetic frequency curves of all sites modeled in this study, and an example of the application is shown on figure 2.
SUMMARY AND CONCLUSIONS
This report illustrates that a rainfall-runoff model can be an effective tool in extending observed streamflow data in time. Such a model was used in conjunction with long-term rainfall and evaporation data to improve flood-frequency estimates for 40 small natural drainage basins.
Short periods of concurrent rainfall and discharge data were used to calibrate the model to each site. The average error of peak discharge simulation in the calibrations was about 31 percent. Lorig-term records of rainfall and evaporation were then put into the model to generate a long-term record of annual peak discharges for each site. Frequency curves computed from the synthesized data exhibited less variance (flatter slopes) than did those computed from observed data for the modeled sites. Much of this loss of variance was attributed to the smoothing effect of the model in the calibration process. An adjustment was applied to the frequency curves of the synthetic data to account for this loss of variance.
The rainfall-runoff model was used in this study to extend the record of annual peak discharges for each basin modeled. These extended records of annual peaks add confidence to our estimates of flood-frequency characteristics for these sites. A second use of the model is to relate the derived parameter values to measurable physical characteristics in the basins simulated. The derived relations can then be used to estimate parameter values for ungaged sites. In this study, however, actual values were significantly affected by parameter interaction. The physical equivalence of the model was to some extent· lost in the fitting process. Regionalization of model-parameter values could not be accomplished with confidence.
The modeled basins range in size from 0.36 to 48.6 square miles and have an average record length of 12.7 years. They compose 40 percent of the basins with drainage areas less than SO square miles that were analyzed in a related report (Schroeder and Massey, 1977) to define the flood-frequency characteristics of Texas streams. 
